Stripe disorder and dynamics in the hole-doped antiferromagnetic insulator 

La 5/3 Sr 1/3 Co04 
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We report on an investigation into the dynamics of the stripe phase of La 5 /3Sr 1/ / 3 Co04, a mate- 
rial recently shown to have an hour-glass magnetic excitation spectrum. A combination of magnetic 
susceptibility, muon-spin relaxation and nuclear magnetic resonance measurements strongly suggest 
that the physics is determined by a disordered configuration of charge and spin stripes whose frus- 
trated magnetic degrees of freedom are strongly dynamic at high temperature and which freeze out 
in a glassy manner as the temperature is lowered. Our results broadly confirm a recent theoretical 
prediction, but show that the charge quenching remains incomplete well below the charge ordering 
temperature and reveal, in detail, the manner in which the magnetic degrees of freedom are frozen. 

PACS numbers: 75.47.Lx, 75.50.Lk, 76.75.-K, 74.62.En 
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The hour-glass spectrum of spin excitations observed 
using inelastic neutron scattering (INS) in the cuprate 
superconductors [l-13| has been linked to the occur- 
rence of alternating patterns of spin and charge stripes 
in the copper oxide planes 1J] . Although many cuprates 



exhibit hour-glass dispersion and show no evidence for 
stripe order, the recent discovery of such an excitation 
spectrum in stripe-ordered cobaltate materials provides 
compelling evidence that the hour-glass dispersion results 
from stripes [15j . The main features of the hour-glass 
spectrum can be reproduced by the spin-wave spectrum 
of perfectly ordered, weakly coupled antifrromagnetic 
(AFM) stripes [Fig. QJa)] with phenomenological broad- 
ening 15]. Recently, however, a more detailed agreement 
has been obtained by a spin-wave calculation based on a 
stripe model that explicitly incorporates quenched disor- 
der in the charge degrees of freedom and whose magnetic 
moments, through frustration, may be described in terms 
of cluster-glass behaviour at low temperature 16]. 

The wider implications of the link between stripes and 
hour-glass dispersion, on the cuprates in particular, has 
motivated this investigation into a hitherto unexplored 
aspect of the stripe phase dynamics in La 5 / 3 Sr 1 / 3 Co04. 
The study of very low-frequency excitations related to 
stripes, such as their slow collective motion, is outside the 
scope of inelastic neutron scattering. We have therefore 
selected muon-spin relaxation (/^ + SR) and nuclear mag- 
netic resonance (NMR) as probes of this behavior. We 
note that, in contrast to muon and NMR spectroscopy, 



INS is insensitive to fluctuations on timescales much 
slower than H/AE w 10 _11 s (where AE 1 meV is the 
energy scale of the resolution of the measurement) and 
so fluctuations on timescales longer than this will appear 
static to neutrons. Neutrons therefore take a "snap-shot" 
of the behaviour compared to /i + SR and NMR measure- 
ments whose characteristic time scale is set, respectively, 
by the muon gyromagnetic ratio (7^ = 2n x 135.5 MHz 
T _1 ) and on those of the nuclei being interrogated. In 
this paper we show that /i + SR and NMR find dynamics 
and freezing of disordered moments which is consistent 
with a picture of disordered stripes whose dynamics are 
frozen out as the temperature is lowered. 

The La2- a; Sr :i; Co04 system is isostructural to the '214' 
family of cuprates, which includes La2-zSr :c Cu04 and is 
based around well isolated, square layers of C0O2. In 
the parent (x = 0) compound, commensurate AFM or- 
der is observed below T = 275 K [13] • Hole doping of 
the material involves exchanging Sr for La, resulting in 
the donation of positive charges to the CoO layers. For 
a doping of x > 0.3, magnetic order is modulated at 
45° to the CoO bonds which is attributable to the self- 
organization of holes into arrays of charged stripes, which 
creates antiphase domain walls in the antiferromagnetic 
order [18j. The stripe order in La 5 / 3 Sr 1 / 3 Co04 involves 
diagonal lines of non-magnetic 5 = Co 3+ ions sep- 
arated by bands of antiferromagnetically aligned Co 2+ 
S = 3/2 ions, with intra- (J) and inter-stripe (J 7 ) anti- 
ferromagnetic exchange couplings as shown in Fig. [TJa) . 
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FIG. 1: (a) Perfect stripe order in the C0O2 planes. (Cir- 
cles represent non-magnetic Co 3+ , arrows represent 5* = 3/2 
Co 2+ spins) . (b) Disordering the charges leads to unfavorable 
exchange interactions between spins (shaded), (c) and (d) 
Magnetic susceptibility as a function of temperature for field 
cooled and zero-field cooled protocols for two crystal orienta- 
tions. 



It is currently assumed that the charge ordering of the 
Co ions sets in at a temperature Tqq well above room 
temperature, while magnetic Bragg peaks are observed 
in neutron diffraction below ~ 100 K [l9| . The correla- 
tion lengths of the magnetic order were estimated to be 
£ = 10 A parallel to the stripes, and £ = 6.5 A perpen- 
dicular to the stripes fl5j |. 

Disordered stripes may be achieved by rearranging 
the charges or the spins of the configuration shown in 
Fig QJa) . Imperfections in the charge order are expected 
to be static at temperatures which are low in compari- 
son to Tco owing to the insulating nature of the material, 
while dynamic fluctuations should be expected in the spin 
degrees of freedom below room temperature. As shown 
in FigQJb), the introduction of charge disorder frustrates 
the antiferromagnetic coupling between spins, and this is 
the origin of the proposed cluster-glass behavior in this 
system [16 1. 

To probe the slow dynamics of both charge and mag- 
netic degrees of freedom, NMR measurements were made 
on a single crystal sample of Las^Sr! /3C0O4 in external 



fields 6 < B app < 9 T applied in the ab plane. We ex- 
pect that only 59 Co nuclei in spinless Co 3+ ions will be 
detected, since for a magnetic Co 2+ ion, the 59 Co nu- 
cleus experiences an instantaneous hyperfine field of or- 
der 10 T^ig 1 , [22[ whose fluctuations lead to very fast 
nuclear relaxation. The spectra were measured either by 
sweeping the field at a constant frequency (T < 100 K), 
or in frequency- sweep mode at fixed field (T > 77 K). 

Example frequency-swept spectra from two probe nu- 
clei: 139 La and 59 Co, measured in an external field 
B ap p = 8 T, are shown in Fig. [UJa-b). At room temper- 



ature, the 59 Co spectrum consists of a well-resolved line 
septet, originating from the nuclear / = 7/2 spin, split 
by the quadrupole coupling with the local electric field 
gradient (EFG). The central line, unperturbed to first 
order by the EFG, exhibits a sizeable shift with respect 
to the 59 Co reference [Fig. [3Jd)]. The hyperfine coupling 
of 59 Co is estimated as « 5 T from the comparison of the 
shift with the susceptibility \ab (see below and Fig. Q]) , 
and is compatible with the small transferred hyperfine 
field expected from the low-spin S = state of Co 3+ , 
confirming the localization of holes in the layers. The 
139 La (/ = 7/2) signal shows similar quadrupolar pat- 
terns, with higher-order satellites smeared out by EFG 
inhomogeneities which are larger at the La site. The cen- 
tral line is split into a doublet by magnetic interactions 
resulting from the occupancy of the nearest neighbor Co 
site by high-spin Co 2+ or spinless Co 3+ . The majority 
139 La peak exhibits larger and temperature-dependent 
shifts, while the smaller shift of the minority peak is 
nearly temperature-independent [Fig. [2jc)]. 

Upon cooling below room temperature, the spectra are 
seen to broaden more than accounted for by demagne- 
tization fields below 120 K, most dramatically seen in 
the Co signal which shows a broad shoulder superim- 
posed on the quadrupole septet at 100 K [Fig. EJb)]. 
Such an excess of broadening reflects the onset of sig- 
nificant magnetic correlations below approximately the 
same temperature as the onset of magnetic Bragg peaks 
in neutron scattering [lj|. It is likely that the static or- 
der here is short-ranged and results from the large applied 
field -Bapp- Line broadening continues on cooling without 
abrupt changes with almost featureless spectra observed 
for T < 10 K [Fig. H (insets)]. 
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FIG. 2: (Color online) Top: frequency-swept (a) 139 La and 
(b) 59 Co NMR spectra in B app = 8 T at three selected tem- 
peratures. Insets: field swept spectra at 5 K. Bottom: shifts 
of (c) the central doublet of 139 La, and (d) the central line of 
59 Co as a function of temperature. 
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(Color online) (a) Evolution of spin-spin relaxation 
_ _1 with T for 59 Co (circles) and 139 La (triangles), 
(b) Integrated spectral amplitudes, corrected for the nuclear 
Boltzmann factor and T 2 ~ , as a function of temperature. 
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The key result from our NMR is that the signal ampli- 
tude is partially lost (or wiped out) in two temperature 
intervals: above 100 K and, more severely, in the 10-40 K 
range. We note that the evolution of the measured spin- 
spin relaxation rates T^ 1 [Fig. [3Ja)] exhibit two max- 
ima: a broad peak round 200 K, and a sharper one at 
T w 20 K. However, when the integrated amplitudes of 
the two nuclei are corrected for T^ 1 [Fig. |3tb)] we find 
that the relaxation rates shown in Fig. [3^a) are actually 
those of a residual signal. Faster spin-spin relaxations 
manifest themselves as sizeable missing fractions (i.e. a 
signal wipeout), coinciding with the T 2 _1 peaks. A wipe- 
out of the signal is indicative of a broad distribution of 
relaxation rates, where signal components with T2 much 
shorter than the instrumental dead time (~ 10 fj,s) are 
lost, and correction of the slower-relaxing residual signal 
for T 2 _1 does not recover the total amplitude. 

Both wipeouts, which are indicative of very slow dy- 
namical excitations, provide a strong indication of the 
physics of both the charge and spin degrees of freedom 
which are both relevant in describing stripe fluctuations. 
The two nuclear probes are both coupled to the EFG via 
their quadrupole moment as well as to the local magnetic 
field. The fast relaxations of 59 Co and 139 La above 100 K 
have no counterpart in our /iSR data (described below), 
and therefore must be due to EFG fluctuations, to which 
1=1/2 muons are not sensitive. The excitations under- 
lying such EFG fluctuations most likely consists of ther- 
mally assisted hopping of holes across stripes, apparently 
taking place well below the charge ordering temperature. 
Such a charge motion slows down on cooling, down to a 
complete freezing at temperatures of the order of 100 K, 
at which the full NMR signal amplitude is recovered. The 
origin of the low temperature wipeout is almost certainly 
magnetic as shown by the magnetic measurements that 
we now describe. 

Measurements of the DC magnetic susceptibility \ 
were made using a Quantum design MPMS, Fig.QJc) and 



(d). No strong features are seen around 100 K [Fig.QJd)] 
where magnetic Bragg peaks start to appear in neutron 
diffraction. The magnetic susceptibilities measured after 
zero-field (ZF) cooling and field cooling protocols (us- 
ing a measuring field of B = 100 mT) show a gradual 
increase upon cooling before splitting below a tempera- 
ture T SF = 17 K [FigQJc)]. This splitting is typical of 
a freezing of the magnetic moments at low temperature 
and reflects the fact that, after cooling in ZF to a region 
where the spins are statically frozen, we obtain a config- 
uration which is less susceptible to magnetization than 
occurs if the frozen state is achieved in an applied field. 
AC susceptibility measurements were attempted on this 
system but a response could not be resolved. 

^i + SR measurements [III were made at the ISIS Facil- 
ity using the EMU spectrometer and at the Swiss Muon 
Source (S/zS) using the DOLLY and GPS spectrometers. 
The initial muon spin was directed along the c-axis of the 
material, so that the muon spins are initially perpendic- 
ular to the C0O2 layers. Example /z + SR spectra mea- 
sured in zero applied magnetic field at S/iS are shown in 
Fig.^a). A heavily damped oscillation in the asymmetry 
is observed at 5 K. These oscillations are characteristic 
of a quasi-static local magnetic field at the muon stop- 
ping site, which causes a coherent precession of the spins 
of those muons with a component of their spin polariza- 
tion perpendicular to this local field. The frequency of 
the oscillations is given by z/j = "f^Bi/2n 1 where Bi is 
the average magnitude of the local magnetic field at the 
ith muon site. Any fluctuation in magnitude of these 
local fields will result in a relaxation of the oscillating 
signal. On increasing the temperature the frequency of 
the oscillations falls slowly [Fig. SJb)] but the amplitude 
of the oscillation drops very rapidly [Fig. Etc)] until only 
a residual, broad feature is observed for temperatures 
20 < T < 30 K. 

In order to follow the slow dynamics in this system 
complementary /i + SR data were measured over a longer 
time window at the ISIS facility, where the limited time 
resolution does not allow us to resolve oscillations or re- 
laxation rates > 10 MHz. Instead, we see a decrease 
in the relaxing amplitude A IC \ as the material is cooled 
below 40 K. This is because the local field in the or- 
dered state strongly depolarizes the muon spin if local 
field components are perpendicular to the initial muon- 
spin polarization (or have no effect on it if local field 
components are parallel to the initial muon-spin polar- 
ization) , removing the relaxing asymmetry from the spec- 
trum. Example spectra measured at ISIS are shown in 
Fig. 0Jd) . In view of the limitations caused by the ISIS 
time resolution, we parametrize the data with a stretched 
exponential function 



A(t) = A rcl e 



-(At)* 
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(1) 



where A^g is a background contribution accounting for 
those muons which stop in the sample holder or cryostat 
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FIG. 4: (a) Low-temperature ZF spectra measured at S/^S. 
Evolution of (b) the frequency v and (c) the amplitude of the 
oscillating signal with temperature, (d) Example ZF spectra 
measured at ISIS. Temperature evolution of the parameters 
in Eq. [1] (e) relaxation rate A; (f ) stretching parameter /3 (g) 
relaxing amplitude j4 rc i. 



tail. We expect that the muon relaxation rate is deter- 
mined by the relation A oc A 2 t, where A 2 = 7 2 (B 2 ) and 
r is the correlation time. 

Again we note that no features are observed around 
100 K, where magnetic Bragg peaks become resolvable. 
Three regions in temperature are apparent in the behav- 
ior of the relaxing amplitude A ro \, the relaxation rate 
A and the stretching factor f3. On cooling in region I 
(T > 40 K) the relaxation rate A increases slowly, with 
the increase becoming more dramatic below « 70 K be- 
fore peaking sharply at T — 39 K. The stretching pa- 
rameter (3 also begins to drop below w 70 K from a high 
temperature value of /? = 1.2 to a minimum of /3 ~ 0.5 
at 39 K. The relaxing amplitude A rc \ falls slowly across 
region I. On entering region II (25 < T < 39 K) A IC \ 
drops rapidly, /3 increases towards its high temperature 
value and A decreases. Finally, in region III (T < 20 K) 



j3 is difficult to fit and shows some scatter, A YO \ increases 
and there is another peak in A centred around 15 K. 

Taken with the magnetic susceptibility and NMR these 
/i + SR results allow an insight into the behavior of the 
stripes in Las/sSr^CoO^ The snap-shot taken by 
neutron diffraction indicates that ordered stripes have 
formed at temperatures below 100 K and the /i + SR sug- 
gests that at these high temperatures (in region I) spins 
within the stripes are rapidly fluctuating on the muon 
time scale. A decrease in temperature causes these fluc- 
tuations to slow down, increasing r and hence A. The 
crossover around T — 39 K marks the point where spins 
begin to lock together, that is, they suddenly become 
well correlated on the muon time-scale. It may be that 
this results from the stripes of spins within each C0O2 
layer becoming well correlated at this temperature, while 
interlayer correlations remain small; it may also reflect 
three-dimensional clusters of spins becoming correlated. 
These increased correlations produce a sizeable increase 
in A which causes the muon asymmetry to be rapidly 
depolarized, leading to a drop in A Ic i. Dynamics in this 
region both preclude a ^ + SR precession signal and lead 
to the low-temperature NMR wipeout. As the system is 
cooled through the 40-20 K region, relaxation channels 
gradually freeze out leading to longer r and resulting in 
a A too fast to resolve, which causes the gradual decrease 
in A IC \. Finally, the peak in A at 15 K and increase in 
A rc \ below 20 K, and a crossover to a more static config- 
uration, points to the dynamics of the clusters freezing 
out below 20 K. This freezing explains (1) the ^ + SR pre- 
cession signal, (2) the splitting of the ZFC and FC x data 
and (3) the reappearance of the NMR signal. 

Further evidence for this picture comes from /i + SR 
measurements made in applied longitudinal magnetic 
field (with the field directed along c). In such mea- 
surements the applied field acts to lock a fraction of the 
muons along the z-direction, reducing the extent of the 
relaxation caused by the fluctuating internal field at the 
muon site. In region I the application of a field causes 
little change in the relaxation rate. In region III, mod- 
est fields change the relaxation considerably, typical of 
a static field configuration. Region II shows intermedi- 
ate behavior. It is also worth noting the similarity be- 
tween the /x + SR results reported here and those of other 
frustrated systems (e.g. [21| ) where the glassy dynamics 
freeze out gradually on cooling. 

In conclusion, the stripes that dominate the low-energy 
physics of La 5 / 3 Sr 1 / 3 Co04 show a gradual freezing out 
of spin dynamics upon cooling. This is suggestive of the 
glassy character of the dynamics, as predicted for the 
model of stripe dynamics based on magnetic frustration 
caused by quenched disorder in the charge sector. How- 
ever the presence of a high temperature wipeout in the 
NMR, which has no analogue in /i + SR, indicates that this 
charge quenching is not complete. The influence of such 
dynamics of stripe phases on the physics of the cuprates 
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remains an open and intriguing question [16] . 
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